I
nfertility affects 1 in 6 Canadian couples, many of whom turn to infertility treatment. These include pharmacologic ovulation induction, intrauterine insemination, and more invasive assisted reproductive technologies, such as in vitro fertilization. In vitro fertilization often follows intense rounds of ovarian hyperstimulation, oocyte retrieval and intracytoplasmic sperm injection. 1 Assisted reproductive technology accounts for about 18 000 pregnancies in Canada each year, with 1%-4% of births conceived using infertility treatment. 2, 3 Although infertility treatment improves the chances of a pregnancy among infertile couples, it may have unintended consequences for mother and newborn, such as a higher risk of preterm birth, low birth weight and cesarean delivery that are independent of age and plurality. 1, [4] [5] [6] Canadian public funding programs for in vitro fertilization launched in the provinces of Quebec (2010-2015) 7 and Ontario (started in 2015 and ongoing) 8 have increased in vitro fertilization access among ethnically and socially diverse groups of women. 9 However, the effect on maternal health of infertility treatment in general -and in vitro fertilization in particular -is understudied.
RESEARCH CPD
Infertility treatment and risk of severe maternal morbidity: a propensity scorematched cohort study METHODS : We conducted a cohort study using population-based registries from Ontario between 2006 and 2012. Pregnancies achieved using infertility treatment (ovulation induction, intrauterine insemination or in vitro fertilization with or without intracytoplasmic sperm injection) were compared with unassisted pregnancies using propensity score matching, based on demographic, reproductive and obstetric factors. The primary outcome was a validated composite of severe maternal morbidity or maternal death from 20 weeks' gestation to 42 days postpartum. We also calculated the odds ratio of a woman having 1, 2, or 3 or more severe maternal morbidity indicators in relation to invasive (e.g., in vitro fertilization) or noninvasive (e.g., intrauterine insemination) infertility treatment.
RESULTS:
We matched 11 546 infertility treatment pregnancies with 47 553 untreated pregnancies. Severe maternal morbidity or maternal death occurred in 356 infertility-treated pregnancies (30.8 per 1000 deliveries) versus 1054 untreated pregnancies (22.2 per 1000 deliveries); relative risk 1.39 (95% confidence interval [CI] 1.23-1.56). The likelihood of a woman having 3 or more severe maternal morbidity indicators was increased in women who received invasive infertility treatment (odds ratio [OR] 2.28, 95% CI 1.56-3.33) but not in those who received noninvasive infertility treatment (OR 0.99, 95% CI 0.57-1.72).
Severe maternal morbidity refers to a broad set of conditions that identify women who experience a near-fatal event during, or within 42 days of, a pregnancy. Severe maternal morbidity is more common than maternal mortality: rates in Canada are about 15 per 1000 and 10 per 100 000 hospital deliveries, respectively. 10, 11 Thus, severe maternal morbidity is the preferred indicator for assessing risk factors or interventions that can influence maternal health. 11 The association between assisted reproductive technologies and severe maternal morbidity has been investigated recently in 3 studies in the United States, each reporting an approximate doubling of the risk of severe maternal morbidity among women with pregnancies conceived through assisted reproductive technologies compared to those with pregnancies conceived without.
12-14 However, we are not aware of any studies that have assessed whether severe maternal morbidity risk varies by type of infertility treatment while simultaneously addressing confounding by indication. Additionally, it is unclear if women who conceived using infertility treatment have more indicators of severe maternal morbidity (i.e., a marker of greater severity). Our aim was to address these questions within a large Canadian population.
Methods
We followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guideline for reporting of observational studies. 15 
Study population and data sources
We considered women aged 18-60 years with a hospital delivery, who were residents of Ontario and registered within Ontario's universal health insurance program (OHIP). We excluded women whose pregnancy ended as an ectopic pregnancy, induced abortion or miscarriage, and randomly sampled 1 live birth or stillbirth at 20 or more weeks' gestation per woman (Figure 1 ). To address potential confounding by indication, we matched about 5 untreated pregnancies to each infertility treatment pregnancy using a propensity score. The propensity score was generated by including all baseline characteristics in a logistic regression model; pregnancies were matched without replacement using the greedy method, with a caliper width score of ± 0.2 standard deviations. 16 We identified all live births and stillbirths in Ontario between Apr. 1, 2006, and Mar. 31, 2012 , within the Better Outcomes Registry & Network (BORN) Ontario legacy data sets (www.bornontario. ca/en/data/data-dictionary/legacy-datasets/). Linked data beyond fiscal year 2012 were unavailable in the registry at the time of this study. This registry captures more than 99% of hospital births in the province, and has been previously validated for data completeness and accuracy. 17 We used the Registered Persons Database, the Permanent Resident Database (Immigration, Refugees and Citizenship Canada) and the Discharge Abstract Database (Canadian Institute for Health Information) to capture maternal demographics, preexisting health conditions, and 
Exposure and outcome variables
We categorized a pregnancy as "exposed" if conceived using any form of infertility treatment, including in vitro fertilization and related intracytoplasmic sperm injection, intrauterine insemination or ovulation induction alone. In addition, we assessed the association between infertility treatment and the outcome of severe maternal morbidity, stratifying by invasive treatment (in vitro fertilization with or without intracytoplasmic sperm injection) or noninvasive treatment (intrauterine insemination or ovulation induction alone). The primary study outcome was the occurrence of a composite severe maternal morbidity or maternal death between 20 weeks' gestation and 42 days after hospital discharge following delivery. The list of conditions included in the composite, developed by the Canadian Perinatal Surveillance System 18 and recently updated, comprises 44 unique indicators of severe maternal morbidity (Appendix 1). Previous validation of this composite measure included assessments of case fatality rates and maternal length of hospital stay greater than 7 days for each component indicator. 18 Secondary outcomes included the 5 most common individual indicators of severe maternal morbidity and all-cause maternal mortality between 42 and 365 days postpartum.
Statistical analysis
We used standardized differences to compare assisted and unassisted pregnancies, with a value of greater than 0.10 suggesting a meaningful difference. 19 Rates of all outcomes were expressed per 1000 deliveries. We used modified Poisson regression to generate relative risks (RRs) and 95% confidence intervals (CIs) for severe maternal morbidity or death, comparing the treated group with their counterparts who conceived without infertility treatment (the reference group). We identified the 5 most common indicators of severe maternal morbidity in the study population and calculated the RR for each. In addition to examining overall infertility treatment, we estimated RRs for noninvasive (intrauterine insemination and ovulation induction) and invasive treatment (in vitro fertilization with or without intracytoplasmic sperm injection) separately. The main model was further stratified by maternal age (< 40 or ≥ 40 yr) and by singleton or multiple gestation, with propensity score rematching in each stratum.
We considered women with more than 1 indicator of severe maternal morbidity to have more severe morbidity and a higher likelihood of death than women with a single indicator. Accordingly, we used multinomial logistic regression (accounting for matching by whether pregnancy had no infertility treatment) to estimate the odds ratio (OR) of a woman having 1, 2, or 3 or more indicators of severe maternal morbidity (compared with none), in relation to infertility treatment versus no infertility treatment. We repeated the same modelling approach when comparing treatment subtype (invasive v. noninvasive infertility treatment) versus no treatment (the referent). In these models, death was not included in the outcome.
Ethics approval
The use of data in this project was authorized under section 45 of Ontario's Personal Health Information Protection Act, which does not require review by a research ethics board.
Results
We identified 813 719 births in Ontario during the study period ( Figure 1 ). After exclusions, and before matching, there were 11 965 women with a pregnancy conceived through infertility treatment and 448 198 women with a pregnancy conceived without treatment ( Figure 1 , Table 1 ). The women given infertility treatment were older and had higher incomes, and a greater proportion were nulliparous or pregnant with multiple ges tation ( Table 1) . After propensity score matching, there were 11 546 pregnancies that resulted from infertility treatment and 47 553 untreated pregnancies, with minimal differences in characteristics between the 2 matched groups ( Figure 1 , Table 1 , Appendix 3, available at www.cmaj.ca/lookup/suppl/ doi:10.1503/cmaj.181124/-/DC1).
In the study cohort before propensity score matching, there were 387 pregnancies achieved through infertility treatment that were affected by severe maternal morbidity or death (32.3 per 1000), compared with 6689 cases of severe maternal morbidity or death in the untreated group (14.9 per 1000), yielding a crude RR of 2.17 (95% CI 1.96-2.40). Death at 42 days postpartum to 365 days postpartum occurred in 6 women who were given infertility treatment (rate 0.3 per 1000) and in 97 women who did not (0.2 per 1000), a crude RR of 1.54 (95% CI 0.57-4.20).
In the propensity-matched cohort, severe maternal morbidity or death occurred in 356 pregnancies resulting from infertility treatment (30.8 per 1000) and in 1054 untreated pregnancies (22.2 per 1000); adjusted RR 1.39 (95% CI 1.23-1.56; Figure 2 ). Severe maternal morbidity or death occurred in 121 pregnancies achieved through noninvasive treatment and 235 pregnancies achieved through invasive treatment (21.7 and 39.3 per 1000, respectively), yielding adjusted RRs of 0.98 (95% CI 0.81-1.18) and 1.77 (95% CI 1.54-2.03), respectively, compared with untreated pregnancies (Figure 3) . The absolute risk of severe maternal morbidity or death in relation to use of infertility treatment was more pronounced in those 40 years and older and in those with a multiple pregnancy (Table 2) . However, relative rates of severe maternal morbidity or death by treatment status were similar among women less than 40 versus 40 or more years of age, and among women with singleton versus multiple pregnancies.
In the matched cohort, death from 20 weeks' gestation up to 42 days postpartum occurred in fewer than 6 women who used infertility treatment (≤ 0.5 per 1000), and in fewer than 6 women The most common individual indicators of severe maternal morbidity were (in descending order) severe postpartum hemorrhage (i.e., requiring transfusion of red blood cells or other interventions), maternal admission to an intensive care unit (ICU), puerperal sepsis, hysterectomy and cardiac conditions (Figures 2  and 3) . Each was more common in pregnancies achieved through infertility treatment than in untreated pregnancies (Figure 2 ). Significant associations between infertility treatment and the 3 most common indicators of severe maternal morbidity were observed among pregnancies achieved through invasive treatment, whereas no statistically significant associations were observed for noninvasive treatment (Figure 3) .
The odds of having a greater number of indicators of severe maternal morbidity were higher among women who used infertility treatment compared with those who did not (Table 3) . For example, the adjusted OR for having 3 or more indicators was 1.65 (95% CI 1.18-2.30). Furthermore, women who received invasive treatment had the highest OR for having 3 or more indicators Note: BMI = body mass index, IQR = interquartile range, SD = standard deviation. *Unless specified otherwise. †Data missing in < 1%. ‡Appendix 2 (available at www.cmaj.ca/lookup/suppl/doi:10.1503/cmaj.181124/-/DC1) contains the definitions of each of the maternal world regions of origin. §Data were available for BMI for 383 543 pregnancies in the unmatched cohort and 47 939 pregnancies in the matched cohort. ¶Congestive heart failure, congenital heart disease, coronary artery disease, cardiac dysthymia, chronic rheumatic heart disease or previous myocardial infarction. **Defined as any use (yes/no) as of 20 weeks' gestation.
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of severe maternal morbidity (adjusted OR 2.28, 95% CI 1.56-3.33), whereas there was no association for noninvasive treatment (adjusted OR 0.99, 95% CI 0.57-1.72; Table 3 ).
Interpretation
In this large representative sample of women who became pregnant through all forms of infertility treatment, the risk of severe maternal morbidity or death was modestly increased relative to a propensity score-matched comparison group without infertility treatment. The higher risk of severe maternal morbidity was notable for severe postpartum hemorrhage, ICU admission and sepsis. Receipt of in vitro fertilization conferred the greatest burden of severe maternal morbidity or maternal death, whereas such increased risks were not evident for noninvasive infertility treatment.
After propensity score matching, the RR of severe maternal morbidity or death was attenuated from 2.17 to 1.39, suggesting that some of the association between infertility treatment and severe maternal morbidity is explained by maternal factors rather than by the treatment. We and other researchers 10 have shown that maternal age over 40 years confers a higher absolute risk of severe maternal morbidity or death, as does a multiple pregnancy. Nevertheless, the significant difference in the effect of in vitro fertilization compared with noninvasive treatment suggests that factors associated with in vitro fertilization may contribute to severe maternal morbidity.
This study used comprehensive and validated data sets capturing more than 99% of hospital births. 22 The broad array of maternal variables included in the propensity score used for matching should have minimized confounding by indication. We evaluated not only severe maternal morbidity but also the number of severe maternal morbidity indicators. The list of severe maternal morbidity indicators used for Canadian perinatal surveillance is similar to that proposed for use in the US, including ICU admission, 24 which is strongly predictive of maternal mortality. 25 Others have previously examined the association between infertility treatment and severe maternal morbidity. In 2016, a retrospective cohort study reported that, among 1 million births in the US, including 14 761 pregnancies achieved through assisted reproductive technologies, the adjusted RR for severe maternal morbidity was 2.3 (95% CI 2.1-2.7) when comparing assisted reproductive technologies with no treatment. 12 Unlike that study, which used a data source employing International Classification of Diseases, 9th revision (ICD-9) coding, our data source employed ICD-10-CA coding, which better classifies severe preeclampsia, procedures used to manage severe hemorrhagic complications and other indicators of severe maternal morbidity. In addition, we included socioeconomic factors in propensity score matching, such as income quintile and maternal country of origin, which also strongly predict severe maternal morbidity. 20, 21 Our study included only 1 randomly selected delivery per woman, thereby avoiding any potential overestimation of the risk of infertility treatment in repeat pregnancies. 12 Another small single-centre study also 0. showed an increased risk of severe maternal morbidity related to infertility treatment (OR 2.40, 95% CI 1.10-5.23). 13 A third cohort study from Massachusetts that compared women who conceived through assisted reproductive technologies with those who were subfertile, untreated and pregnant also yielded an increased risk of severe maternal morbidity among singletons for both vaginal deliveries (OR 1.97, 95% CI 1.30-3.00) and cesarean deliveries (OR 1.75, 95% CI 1.30-2.35).
14 Differences in access to pregnancy care between US and Canadian health care systems, as well as patient demographics, may explain slight differences in estimates between our study and those of US-based researchers, heightening the importance of our findings to Canadian women considering infertility treatment and to their health care providers.
In Canada, recent provincial funding has permitted greater access to infertility treatment. 8 Because such treatment is often accessed by perimenopausal women 26 and those with reversible causes of infertility, including obesity, 27 those receiving treatment have a higher prevalence of conditions such as diabetes mellitus and chronic hypertension. About 1 in 5 live births in Canada are to women over the age of 35 years, 28 and 13% of all in vitro fertilization cycles in 2014 were performed solely for "advanced female age," furthering the risk of maternal and perinatal complications. 29 A better understanding of the contribution of infertility treatment to severe maternal morbidity may lead to improved preventive and surveillance strategies for women who are at risk. Note: CI = confidence interval, SMM = severe maternal morbidity. *Number of pregnancies in propensity score-rematched cohorts were slightly lower than for the full model (total no. for age was 57 007: n = 11 513 with fertility treatment and n = 47 494 without fertility treatment; and total no. for singleton/multiple gestation was 58 837: n = 11 448 with fertility treatment and n = 47 389 without fertility treatment). Note: CI = confidence interval, OR = odds ratio, ref. = reference, SMM = severe maternal morbidity. *Odds ratios were calculated using multinomial logistic regression analysis, accounting for matching. †Includes intrauterine insemination and ovulation induction. ‡Includes in vitro fertilization and intracytoplasmic sperm injection.
Limitations
Study limitations included possible nondifferential misclassification of exposure, despite prior high data accuracy for this data source. 30 Such misclassification is likely to be minor and would result in an attenuation of our risk estimates. Subfertility, as measured by fertility-related conditions, may have also been undercaptured, as shown by lower than expected rates of endometriosis and polycystic ovary syndrome (Table 1) . Because women who received noninvasive infertility treatment had a similar rate of severe maternal morbidity and risk to those who became pregnant without infertility treatment suggests that women with noninvasive infertility treatment might prove to be a useful subfertile comparison group for future studies. However, severity of infertility -not captured with our approach -may also explain differences in adverse pregnancy outcomes between invasive and noninvasive treatment subgroups. 31 Similarly, we lacked detailed information on the superovulation protocols used. Aggressive superovulation protocols have been linked with mortality in in vitro fertilization pregnancies; this may be a discriminating feature to include in future studies. 32 We included diagnostic codes for obesity in our propensity score because high body mass index (BMI) is an independent risk factor for severe maternal morbidity. 32 Body mass index was only available for 47 939 matched pregnancies; therefore, the true proportion of obesity in our cohort is unknown. However, the interaction between prepregnancy BMI and infertility treatment may not be as influential on severe maternal morbidity as previously thought. 33 Finally, we did not stratify our results by maternal ethnicity, which may modify the effect of infertility treatment.
Conclusion
Although severe maternal morbidity and maternal death are uncommon outcomes, our study suggests that women undergoing noninvasive infertility treatment, such as intrauterine insemination, are not at increased risk of these outcomes, whereas those undergoing in vitro fertilization are. Whether specific components of treatment using in vitro fertilization, such as the dose of ovarian hyperstimulation or fresh versus frozen embryo transfer, worsen maternal health, or whether the increased risk is a reflection of those who require or choose in vitro fertilization, remains to be determined. Nevertheless, studies comparing invasive with less invasive infertility treatment should extend their focus beyond rates of live births to encompass maternal health outcomes.
Women whose pregnancy was achieved by infertility treatment, especially in vitro fertilization, are at a somewhat higher risk of severe maternal morbidity or death. Further research should identify patient-and treatment-specific factors that might be modified to mitigate excess maternal risks.
